Bis(allylammonium)pentachloroantimonate(III) -allylammonium chloride, (C 3 H 5 NH 3 ) 2 [SbCl 5 ] · (C 3 H 5 NH 3 )Cl, belongs to the chloroantimonate(III) organic-inorganic salts family. The DSC studies of this compound showed two anomalies at 181 K and at 223 K. Both are associated with phase transitions, which mainly occur due to ordering-disordering processes of the organic cations. Between 181 and 223 K the structure is incommensurate. The crystal structure was determined at 298 and 86 K. At both temperatures the crystal structure consists of (C 3 H 5 NH 3 ) + cations, anionic distorted [Sb 2 Cl 10 ] 4− units and isolated Cl − ions. In the room-temperature phase two out of three, and in the low-temperature phase two out of six allylammonium cations were found to be disordered. The deformations of the [Sb 2 Cl 10 ] 4− moieties in both phases are discussed and explained by the deviation of the Sb III 5s electron lone pair from its spherical symmetry and the influence of N-H···Cl hydrogen bonds, which join together the organic and inorganic sublattices.
Introduction
Halogenoantimonates(III) and halogenobismuthates(III) with organic cations defined by the general formula R a M b X 3b+a (where R is an organic cation; M is Sb III or/and Bi III and X is Cl, Br or/and I) are an interesting group of compounds due to their ferroelectric properties [1 -5] . The polarity of these crystals is associated with phase transitions, which are mainly caused by the changes in rotational motions of the organic cations [2, 6] . These phenomena are especially manifested in the structures containing relatively small methyl-, dimethyl-, trimethyl-and tetramethylammonium cations [2, 7 -10] .
Halogenoantimonates(III) and halogenobismuthates(III) are considered as mixed organic-inorganic materials. Their inorganic sublattices are composed of deformed polyhedra -octahedra or square pyramidswhich occur isolated or connected with each other by corners, edges or faces and as a consequence form various structural units [e. g. 11, 12] . The organic cations are placed in voids of the anionic sublattice. They are usually connected to the inorganic part of the structure by extended and complex N(C)-H···Cl hydrogen bonding and/or N···Cl electrostatic interactions.
0932-0776 / 07 / 0100-0044 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com This paper is a part of our larger project devoted to the synthesis, structures, phase transitions and molecular motions in halogenoantimonates(III) and halogenobismuthates(III) with organic cations. We have recently reported the structure and properties of tris(allylammonium) hexachlorobismuthate(III), (C 3 H 5 NH 3 ) 3 [BiCl 6 ] [13] . This compound was obtained in a reaction of allylamine and basic bismuth(III) carbonate in an aqueous solution of hydrochloric acid. Its structure is composed of isolated, distorted [BiCl 6 ] 3− octahedra and allylammonium cations. We have found in this salt three phase transitions at 152, 191 and 299 K. The mechanism of the high-temperature phase transition is related to the ordering with lowering temperature of one cation located at a special position. It has been assumed, on the basis of the X-ray diffraction studies, that the distortions of the [BiCl 6 ] 3− anions are mainly related to N-H···Cl interactions.
In order to obtain further information about the structure and properties of allylammonium halogenoantimonate(III)/halogenobismuthate(III) salts, we report the synthetic, single-crystal X-ray diffraction and differential scanning calorimetry studies of (C 3 H 5 NH 3 ) 2 
Cl was obtained in the reaction of allylamine (< 99 %) and antimony(III) chloride (> 99 %; both Merck-Schuchardt, Germany) in molar ratios from 1 : 3 to 1 : 10 in aqueous solutions of hydrochloric acid. Single crystals suitable for X-ray diffraction studies were grown by slow evaporation at constant r. t.
The measurements at 298 and 86 K were performed on an Xcalibur CCD diffractometer with graphite monochromated MoK α (λ = 0.71073Å) radiation. The Oxford Cryosystems cooler was used for the measurement at 86 K. The reflections were measured using the ω-scan technique with ∆ ω = 0.75 • and ∆t = 20 s. The structures were solved by the Patterson Method. All data were subjected to Lorentz, polarization and empirical absorption corrections based on symmetryequivalent reflections [14, 15] . Fourier maps, at both temperatures, revealed a disorder of two crystallographically independent allylammonium cations. All hydrogen atoms were added using standard geometric criteria, then refined using the riding model and constrained to distances of 0.97, 0.93 and 0.90Å for CH 2 , CH and NH 3 groups, respectively. Their displacement parameters were taken with coefficients 1.5 times larger than the respective parameters of the nitrogen and carbon atoms. The Oxford Diffraction software CrysAlis CCD and CrysAlis RED programs were used during the data collection, cell refinement and data reduction processes [14] . The SHELX-97 program [16] was used for structure solution and refinement. The structure drawings were prepared using the SHELXTL program [16] . Crystallographic data (excluding structure factors) at 298 and 86 K, have been deposited at the Cambridge Crystallographic Data Centre as supplementary publication nos. CCDC 612932 and 612933. Copies of the data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
The DSC analyses, using both single crystal and powder samples, were performed using a Perkin-Elmer DSC Model 7 with a scanning rate of 10 K/min on cooling/heating in the temperature range 140 -380 K. The TGA measurements on crystalline samples were carried out with a heating rate of 10 K min −1 in the temperature range 295 -555 K on a TGA 2050 TA Instruments apparatus.
Results and Discussion

Phase transitions
The differential scanning calorimetry studies followed by the thermogravimetric analysis showed that the title compound underwent two low temperature phase transitions at ca. 181 K and at 223 K (Fig. 1) .
On cooling the first phase transition is of second order. In the diffraction pattern we observed satellite re- The first calculations showed that at least some of the atoms of the disordered chains could be described by a crenel modulation function [17] , which can resolve the disordered positions by separating two near atoms along the additional dimension x4. Modulated structure refinement will be the subject of further studies. Currently we are looking for better samples allowing for a high quality data set necessary for the refinement of the triclinic modulated structure.
On further cooling the crystal undergoes a second transformation at 181 K to the low temperature phase. The volume of the unit cell is doubled in relation to the initial one. The relatively sharp peak and the value of the thermal hysteresis for the low-temperature anomaly suggest that the observed phase transition is of first order related to the ordering process of the organic sublattice on lowering the temperature (∆ H 2 = 0.47 kJ/mol and ∆ S 2 = 2.12 J/K mol). It suggests that the mechanism of the low temperature phase transition is connected with changes in motions of the cationic sublattice.
Crystal structures at 298 and 86 K
The structure was determined at 298 and 86 K, at r. t. and below the low-temperature first order phase transition detected at 181 K. At both temperatures, the crystals are triclinic, space group P1. In the lowtemperature phase the unit cell is approximately doubled along the diagonal direction between the b and c axes compared to the unit cell of the room-temperature phase (Table 1 , Fig. 2 ).
The room-temperature phase consists of three allylammonium cations (two are disordered), half of the [Sb 2 Cl 10 ] 4− unit and one isolated Cl − anion. In the low-temperature phase, the crystal structure contains twice as many atoms -six allylammonium cations (two are disordered), two halves of the [Sb 2 Cl 10 ] 4− bioctahedral units and two isolated Cl − anions. The setting of the cells and the labeling of atoms at 298 and 86 K (sets A and B) have been chosen to show the structural relationship between the positions of corresponding atoms in both phases (Fig. 2) . The crystal data and the structure determination details at 298 and 86 K are listed in Table 1 . The bond lengths and angles and the shortest N-H···Cl hydrogen bond geometries are presented in Tables 2 and 3 , respectively. 
The same pattern of bond lengths order, . Among all crystallographically non-equivalent allylammonium cations in the crystal structure of the title compound, one cation is ordered (N9), whereas the two remaining (N1 and N5) are disordered (Fig. 3) . The occupancy factors for the split C atoms were refined until they converged, and then were fixed at 0.55 for C21, C31, C41, C71 and C81, and 0.45 for C22, C32, C42, C72, C82. Such a type of allylammonium cation disorder was also reported in our recent paper on the structure of (C 3 H 5 NH 3 ) 3 [BiCl 6 ] [13] .
Without any interionic interactions, in the case of isolated [SbCl 6 ] 3− octahedra, the Sb-Cl bonds in the entire environment of the Sb atom should have equal bond lengths and angles [22] . Taking into consideration the more complex bioctahedral moiety, the same values of bond lengths should be found for two bridging, two terminal bonds opposite to the bridging ones and two remaining terminal bonds. Since this is not the case, the distortions of the 5s electron lone pair (LEP) located on the Sb III atom and the hydrogen bonds should be considered as the most important distorting factors [23, 24] . Indeed, the difference between the Sb1-Cl1 and Sb1-Cl1 I bond lengths (0.129(1)Å; Table 2 ) is undoubtedly caused by three hydrogen bonds involving the Cl1 atom, i. e. N1-H1C···Cl1, N5 I -H5B I ···Cl1 and N9-H9C···Cl1 (Fig. 4a, Table 3 ). The strongest influence on the enlargement of the Sb-Cl bond length arises from the N1-H1C···Cl1 hydrogen bond, which has the largest Sb1 -Cl1-H angle, close to 180
• (172(1) • ). The N5 II -H5C II ···Cl3 hydrogen bond causes an elongation of the Sb1-Cl3 (2.8254(12)Å) bond as well as an increase of the Cl1 I -Sb1-Cl3 angle (102.34(3) • ). The elongation of the Sb1-Cl3 bond leads to the shortening of the Sb1-Cl4 bond located opposite (Table 2). A very similar pattern of interactions was also found in the structure of (C 2 H 5 NH 3 ) 2 [20] . The difference between the longest and the shortest Sb-Cl bond length (∆ = 0.8006(17)Å) is caused mainly by the formation of the [Sb 2 Cl 10 ] 4− units, but also by the intermolecular N-H···Cl interactions.
Structure at 86 K
The arrangement of the chloro ligands around the two independent antimony(III) atoms at 86 K deviates more from the ideal octahedron [22] than in the room-temperature phase. The three different types of the Sb-Cl bond lengths are in the same order as in the structure determined at 298 K.
The "choosy" ordering process including N1 and N5 cations and simultaneously occurring conformational changes of N9 cation lead to a loss of part of the symmetry centers (0, 1 /2, 0; 0, 0, 1 /2; 0, 1 /2, 1 /2; 1 /2, 0, 1 /2) on going from the room-to the low-temperature phase. The selective process of symmetry loss causes the formation of the new doubled unit cell with different diagonal b and c axes, whereas the a direction stays unchanged.
In the low-temperature phase relatively large changes on average for both symmetrically independent units in the corresponding Sb-Cl bond lengths and Cl-Sb-Cl angles are noted. The largest difference for the Sb-Cl bond lengths placed opposite is found at r. t. for the Sb1-Cl1 and Sb1-Cl5 bonds. At 298 K (∆ = 0.7965(15)Å), this value is increased by 0.0581 (15) (4) • ). As at r. t., at 86 K a trans-influence is observed which consists of a shortening of the Sb-Cl bonds placed opposite to those which are elongated by bridging or N-H···Cl hydrogen bonding. The influence is mainly related to the stereochemical activity of the electron lone pair located on the Sb atom [23 -25] .
The main differences between the structures of the low-and room-temperature phases are associated with differences in the hydrogen-bonding patterns. The motions of the allylammonium cations decrease with low- ering the temperature, and as a result in the lowtemperature phase only two out of six symmetrically independent cations are disordered. The ordering processes of cations are associated with a decrease of the N···Cl distances. Taking into account that in both phases the types of anionic and cationic sublattices are the same, the differences described above are mainly related to the presence of the N-H···Cl interactions different in strength and geometry.
The largest difference of bond strength on lowering the temperature takes place for the N1-H1C···Cl1 hydrogen-bond. It is clearly seen looking at the changes in the hydrogen-bond geometry.
The H1C···Cl1 distance and the N1-H1C···Cl1 angle at r. t. are equal to 2.44Å and 160
• , whereas at 86 K the largest changes are taking place in the cation A (Fig. 4b) . The H···Cl distance decreases by 0.10Å and the N-H···Cl bond angle increases to 174 • , whereas for the cation B the decrease of the H···Cl distance is smaller (0.07Å) and a decrease of the N-H···Cl angle to 153 • is observed (Table 3b ). The increase in strength of the N1A-H1C···Cl1A hydrogen bond leads to the enlargement of the Sb1 -Cl1 bond length from 3.1941(13) to 3.2498(15)Å (∆ = 0.0557(15)Å), and a small decrease of the bond length Sb1 -Cl5 located opposite (∆ = −0.0024(13)Å). The situation in the anion B is different. There are two hydrogen bonds involving H1D, N1B-H1D···Cl1B and N1B-H1D···Cl5B. They lead to an enlargement of the Sb1-Cl5 bond length (∆ = 0.0133(13)Å) and a much smaller increase of the Sb1-Cl1 bond length (∆ = 0.0059(14)Å). The strengthening of the two other hydrogen bonds involving the Cl1B atom has a stronger influence on its geometry, and as a result the Sb1-Cl1 bond length is increased from 3.0647(15)Å to 3.1341(13)Å (∆ = 0.0694(15)Å).
Conclusion
On cooling (C 3 H 5 NH 3 ) 2 [SbCl 5 ]·(C 3 H 5 NH 3 )Cl undergoes two phase transitions at T c1 = 223 K, of second order, and at T c2 = 181 K of first order. At r. t. and 86 K the space group is triclinic P1.
Between T c1 and T c2 the structure is incommensurate with refined incommensurate q vectors of 0.072, −0.417, −0.454.
The crystal is composed of [Sb 2 Cl 10 ] 4− and Cl − anions and allylammonium cations. At r. t. two out of three cations are disordered, whereas at 86 K the volume of the unit cell is doubled, and the number of disordered cations is lowered, two out of six being disordered.
The Sb-Cl bond lengths and Cl-Sb-Cl angles are mainly related to the structure of the anionic sublattice. A smaller influence on the geometry is exerted by the presence as well as the strength of the N-H···Cl hydrogen bonds.
The distorsions and geometry changes of the anionic sublattice on lowering the temperature are related to an increase in strength of the N-H···Cl hydrogen bonds.
